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I. LAST YEAR (December 1, 1973 - November 30, 1974)
The effort in this past year has centered exclusively

on the noise of current in solids.

A. Noise of Space-Charge-Limited Current in Soli&s
A third experimental attempt in that many yvears was
made at measuring the noise of space-charge-limited current in
a regime in which the mobility of the carriérs depends on the
field strength. This time, we were finally successful. Mea-
surements of the limiting white noise of space-charge-limited
hole current in silicon were made at dc voltages where the
hole mobility becomes field-dependent. The surprising result
was established that the hole temperature is equal to the
lattice temperature at 110K within 10% at voltages where the
deviations from constant mobility reach 50%. This result con-
tradicts accepted theories relating carrier temperature to
field-dependent mobility. Several laboratories are now tooling
up to confirm this remarkakle fact and investigate it further.
A publication of this work is in press:
"Therman Equilibrium Noise of Space-Charge-
Limited Current in Silicon for Holes with
Field-Dependent Mobility," by J.L. Tandon,

H.R. Bilger and M-A. Nicolet, Solid-State

Electronics (in press).
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B. Noise in Implanted Lavers

This effort has continued throughout the year, wiﬁh
the collaboration of H.R. Bilger (Oklahoma State University).
The low-frequency noise spectra of partially annealed boron-
implaﬁted silicon resiétors with various geometries have been
measured. The implantation energies were 50, 80 and 110 keVv
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and the doses were 2.5 x 10 m“, 1.0 x 10 ¢ and

1.0 x 10 cn™?. The spectra exhibit thermal noise and f

n
(excess) noise exclusively.. Investigations indicate that the
contacts from the im?lanted layer to the electrode generally
| contribufe small amounts to the total excess noise observed.
The excess noise exhibits a strong inverse dependence on the
sheet resistance of the layefs,_while the dependence on sub-
strate bias, implantétion enerqgy, and on temperafure is rel-
atively weak. A discussion of the results show that the
data are compatible with a volume effect. Such an inter-
pretation goes verf much against accepted thinking. Noise
measurements on implanted layers, produced under carefully
controlled conditions, show promise as a tool to investigate
excess noise. The following paper has been completed and
published on the subject: | |

"Excess Noise Measurements in Ion-Implanted

Silicon Resistors," H.R. Bilger, J.L. Tandpn

and M-A. Nicolet, Solid‘State Electronics

17, 599 (1974);' -

The project will continue under an NSF grant approved

this June for another 1"1/2 year duration.



II. OVERALL VIEW OF THE GRANT AND ITS ACCOMPLISHMENTS

This grant was initiated on April 1, 1968 under the
auspices of NASA's Electronics Research Center, was trans-
ferred to the Langley Research Center upon the Electronics
Research Center's c¢losure in 1970, and was extended in 1972
without additional funds until November 30, 1974. The total

sums approVed and disbursed are:

$22,200 April 1, 1968

18,000 April 1, 1969

27,000 April 1, 1969 (step funding)
30, 000. December 1, 1969
$97,200

Over the total peried of 6-2/3 years, the support amounted to
an average of $14,600/yr (including overhead). This money
has supported (in part) the work of the following persons:

*Bilger, H.R. (Oklahoma State University)

Gorris, R.

Lee, D.H.

Nicolet, M-A.

Taynai, J.D.

*Worch, R.P. (Oklahoma State Univefsity)
Permanent testimony of their activities is contained in the

following openly accessible theses, report ‘and arficlégs.y

%
Visiting participants at Caltech



Theses:
l. D.H. Lee (California Institute of Technology, November,
1969)
“Double Injection: High Freqguency Noise and Temperature

Dependence™

2. J.D. Taynai {(California Institute of Technology,
November, 1969)

"Properties of o-Moncchimic Selenium”

3. 0Q.T. Vu (California Institute of Technology, April 1970)
"Space-Charge-Limited Current in Fast Neutron

Irradiated Silicon”

4, P.R. Worch (Oklahoma State University, Mayer 1970)
"An experimental Investigation of Generation-

Recombination Noise in Double-Injection Diodesg"

Report: "A Simple Versatile Thermcstat for Small Objects
and the Temperature Range of 100°K to 4000K,"
Scientific and Technical Aerospace Reports (STAR)

'8, No. 7, p. 1252 (1970), (accession No. N70-18959).

Publications:
1. "Woise Measurements on a Double-Inijection Silicon Diode,"
D.H. Lee, H.R. Bilger and M-A. Nicolet, JPL Space Program

Summary 37-52, Vol. III (1968).



!

"Noise and Equivalent Circuit of Double Injection," H.R.
Bilger, D.H. Lee and M-A. Nicolet, J. Appl. Phys. 13,

5913 (1968).

"Thermal Noise in Double Injection,”™ D.H. Lee and M-A.

‘Nicolet, Phys. Rev. 184, 806 (1969).

"Effect of 14 MeV Neutrons on Space-Charge-Limited Current
of Electrons in High Purity Silicon," Q.T. Vu and M-A.

Nicolet, IEEE Trans. NSf16, 69 (1969)}.

"Generation-Recombination Noise in Double-Injection
Diodes,” H.R. Bilger, P.R. Worch, L.L. Lee and M-A.

Nicolet, Solid-State Elec. 12, 849 (1969).

"A Flexible Simple Thermostate for Small Objects and the
Range .of 100 to 400 K," H.R. Bilger and M-A. Nicolet, Rev.

Sci. Instr. 41, 366 (1970).

"The Density of a-Monoclinic Selenium," J.D. Taynai and

M-A. Nicolet, J. Phys. Chem. Solids 31, 1651 (1970).

" "Thermal Noise in Single and Double Injection Devices,”

M-A. Nicolet, Solid-State Elec. 14, 377 (1971).
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1.

12.

13.

14.

"BElectron Trapping in Neutron Irradiated Silicon Studied
by Space-Charge-Limited Current," Q.T. Vu and M-A.

Nicolet, J. Appl. Phys. 43, 2755 (1972).

"Noise of Hot Holes in Space-Charge-Limited Germanium
Dicdes,"” M-A. Nicolet, H.R. Bilger and A. Shumka,'Solid—

State Elec. 14, 667 (1971).

"Noise of an Injected Plasma in Silicon," H.R. Bilger
and M-A. Nicolet, Proc. Intl. Conf. Noise én Active

Semicon. Devices, Toulouse, September 1971.

"Backscattering Microscopy: New Campaigns for a Veteran
Technigue,"” M-A. Nicolet, J.W. Mayer and I.V. Mitchell,

Science 177, 841 (1972).

"Thermal Noise Measurements on . Space-Charge~Limited Hole
Current in Silicon," J. Golder, M-A. Nicolet and A.

Shumka, Solid-State Elec. 16, 581 (1973).

"Thermal Noise Calculation of Single-Carrier Space-Charge-
Limited Current in a Non-Insulating Solid," M-A. Nicolet

and J. Golder, Phys. Stat. Sol.(a) 15, 565 (1973).



15. "Noise of Space-Charge-Limited Current in Solids is
Thermal," J. Golder, M-A. Nicolet and A. Shumka, Solid-

State Elec. 16, 1151 (1973).

l6. "Experimental Test of SV = 4kT(V/I) for Space-Chaige— :
Limited Current of Holes in Silicon," M-A. Nicolet and

‘J. Golder, Phys. Stat. Sol.(a) 17, K49 (1973).

The main thrust of the Qraht has been directed at the élari-
- fication of the noise properties of space-charge~limited
current (single injection) and of two-carrier cqrrent (double.
injection) in solids. At the time of the inception<of'the
grant, the theoretlcal ideas on the subject were speculative,
.and the experimental data available were fragmantory, -and
preliminary at best. Today, and due mainly to the efforts
undertaken under this grant (and those that followed it later),
the subject has now reached a level of accurate quantltatlve |
knowledge and understanding. .

In addition to this body of knowledge which has been
'gatered on the subject of noise in the two specific types -
' of currents in solids, the results have lead to another,
unsuspected development. As the understanding of these
gpecial.cases progressed, it became obvious that any theor-
. etical treatment which would explain the observed noise

behavior of these currents had to have much broader validity,



simply because single?.and double injection currents are non-
linear in nature. The concepts which were beéeing developed
would be applicabie to many other nonlinear systems as well.
In the long run, the most significant contribution of this
grant may thus lie in the conceptual manner in which noise
phenomena will be treated theoretically in the future. The
matter has raised enough general interest that.we have been
asked to write a review paper on the subject. This paper
has just been ébmpleted and constitutes the most fitting
‘final report for this grant. A copy is included. It wi;l
appear as:

"Noise in Single and Double Injection

Currents in Solids," M-A. Nicolet, H.R.

Bilger and R.J.J. Zijlstra, Physica Status

Solidi(b) (1975).

In éddition to noise, work under this grant also
covered studies of trapping and radiation damage in space-
charge-limited current in solids. It was found that devices
which are based on this type of current flow are not as
insensitive to radiation as had been predicted on the grounds
that carrier lifetime in majority-carrier devices is irrél;
evant. Trapping, not recombination,_is the process which
"degrades such devices, and trapping can degrade..with dose
‘as ruinously as lifetime does in minority-carrier devices.
There is one promise which space-charge-limited

currents in solids have not betrayed: these currents can flow
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through a solid from 4.2°K to a temperature whose maximum is
1limited solely by the free carrier concentration of a bulk.
We have observed them in silicon from 4.2°k to 50% (323%),
which is a factor of almost 80 (!} in absolute temperature
variation. In materials with a bandgap wider than silicon,
-the maximum operatiem temperature must go up very rapidly.

Space-charge-limiting current may indeed be the best
mode of current flow with which to design high-temperature
devices. A search for the most promising host material, and
experimentation with it, was to be the last step in the long-
range program which this laboratory had launched in 1964 with
the goal of clarifying the properties and potential of space-
charge-limited currents in solids. It is a pitty that NASA's
supporf of the project was terminated prematurely, not only
becauselthe final phase of this long-range program is now in
limbo, but because this may well have left the most promising
property of these currents still unexplored.

In spite of this deficiency, the project as such
has been a success. At times, the grant has been marred by
administrative problems and difficulties. But the final
years of very smooth (yet doomed) existence provided a
sheltered climate in which the efficiency and productivity

have risen to remarkable levels.



This review diécusses the developments over the last
ten tﬁ twelve years which brought the subject of noise in
' .... ) . ‘ single and double.injection from its hesitant beginning to ther
) |5~ I - . o I o present stage of accurate factual knowledge. Tﬁe text discusses
_' . 0 lse o avw ‘ ] 1 : _. ] only the most conc‘lusi'ge results in detail,‘ but an attempt has

© been made to provide a complete bibliqgraphy of all published

IN SINGLE AND DOUBLE INJECTION CURRENTS IN SOLIDS : . ] . )
! ' ) - .work in the field. Conflicting findings and opinions are

examined in the light of the present understanding of the

by B ' _ subject, so thét'the interested reader will have_accesé to the
Marc-A. Nicolet : o  ‘ ’ - - literature with & critical view and an appreciation of the
California Institute of Tecﬁnologf . - historical context.

Pasadena, California 91109

M-A. Nicolet
and o
H.R., Bilger
Hans R. Bilger .

‘ R.J.J. Zijlstra
Oklahoma State University :
Stillwater, Oklahoma ° 74074

and
Rijke J. J, Zijistra

Fysisch Laboratorium - Rijksuniversiteit
Utrecht, The Ketherlands
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VI. SUMMARY, CONCLUSIONS AND OUTLOOK

It is the advent of very hi.gh purity silicon and

fgermanium single crystals which promoted progress in thg field
‘.;_of noise in nonllnear devices. With these materials, it is -
‘;fpossible ‘to make devices for which the Elmple models of single

and double injection hold very closely. Accurate measurements

on such devices have established the following facts.

O : . Woise in single injection is thermal. The theory

shows that for single carrier space-charged limited current,
5, » 4kT ¢ 2Re(Z) . R C v

Experiments have confirmed this expression to within 5%. _This
:esuli eﬁpands the guantitative 663criptiqn of thermal noise
to nonlinear devices. Iﬁ their fwo classical paper, Johnson‘al)
showed experimentally and Nyquisttull,derlved theoretically that
at thermal equilibr1um and for a 11near device, the thermal

fluctuatzon ‘processes lead to a noise of

.8, = 4kT + Re(z) . B 45 %)
We now find that for a macroscopically nonlinear system such
as single-carrier space-charged-limited current, these same
processes lead to an obsexvable noise which is twice as large.

fhere is clearly a need for a careful distinction between the

-93-
two cases., We l.:herefore propose that henceforth the name -
"Nyquist noise" be used only in connection with noise in

linear systems at thermodynamic equilibrium. °On the other

‘hand, the terms "thermal noise® or "scattering noise" cover

o npnthermodynamic eguilibrium cases as well and therefore

apply to noise of single- carr:}'er._space-charge limited current.

. The s%udieS'of noise in double injection have brought
to light yet another form of thermal noise in nonlinear systeﬁs,
Indeed, for frequencies large compared to the characteristic
time constants of reccmbination, a doubig injection dibde-

possesses purely thermal noise of a value

o= 4T - Re(z . L ~{vI.3)

.The validitg of this formula h&s also .been established within’

< 5% error. In contrast to the result for single injection,

'this equation is the same as for Nyquist noise, although double

'injection can have a nonlinear characteristie which is also-

I Vz,ggffdrSinq1é injection.:. This observation leads to two

. coneclusions: (i) thermal noise in nonlinear devices can have

- different forms, depending dn the specific npature of the device,

and (ii) the dc characteristics of the device alone is in- .

sufficient to establish the formal fepresentation of this

 noise.

Equations V1.l and VI.3 are Both of the form

sv o 4kT - ane(z) ’

il
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‘whexe d 1s a number of the order of wnity. It has been pro-
(54).

Some aspects of
(v21)

poscd that this result is vcry general,
,thie idea are presently investigated further It wonld
be de91rable to find additional experlmental andktheoretical
‘sBuppoxt to this idea from other basic modes of nonlinean
current fiow, if such modes can be conceived and realized.
At frequencies small compared to the recombination
- tlme constants, noise in double injection is dominated by gr
4 processes. Again the theoretical prediction and the experi-
mental results agree very well. This work extends the con-
ventional concept of gr noise to nonlinear devices. The ex-
tension is not as nctable‘ac for thermal ncise in single in-
'jection‘hOWEver, becanse‘gr nolse is normally visiﬁle only
under nonthermal equilibrium conditions. Again it is found
that the nature of the device significantly affects the ob-

served noise and its functional dependence on the current.

‘The spectral density in the semiconductor and in the 1nsu1ator

regime are guantitatively different, but the frequency de—
.pendence vwhich is characteristic of gr noise is found in both

‘_casess a plateeu at low frequencies whose value increases

strongly with the dec current, and a sharply decreaeing spectrum.

which falls off apprbxiﬁately-as l/m2 at frequencies above the
characteristic recombination-generation time constant,

In additicn to this body of new factual knowledge which
- was obtained, the study of noise in single and dcuble injection
has exerted a strong 1nf1uence on the theoretical development

in the field. The 1mpact was not so much along the lines of

B

eaws

review.
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basic physical processes of fluctuatlons, since no new noise-
generating processes have been ‘uncovered. Rather, interest
has been directed towards understnnding.the effect of a
macroscopic nonlinearity of the device on the way the micro-
scopic Eluctuations in each volume element add up to the
nctually observed noise of the whole device. "The new method
of calculating noise by the impedance-field method devised by
Bhockley et ai.( ?), and which had remained unused so far

has been shown to be verv valuable for such investigations.

.-An the case o£ single injection an exhaustive treatment. has

been given by this technique and has confirmed all results

preficusly established with the more traditional Langevin

. method. of noise calculation.{n3’

- From a more general perspective, the understanding of

noise in macroseopically nonlinear electrical devices, such as

&single or double injection diodesfhas significance to the thcory‘

of fluctuations in nonlinear system of other kinds as well,.
The methods and ccncept developed for these particular de-

vices will retain their validity generaliy. as long as the

- macroscopic nonlinearities do not affect the stochastic pro-

perties at the micrcscopic level. In the long run, these

gencralhrvalid ideas may well turn out to be more prominent

- contributicns to the field of knowledge than the specific

‘facts elucidated for the particular devices discussed in this

Another contribution.of the work on single and double

injection has been the formulation of questions whose answers

g
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;;hre still outstanding. Foremost among these is the extension

. of the impedance-field method to two carrier systeﬁsi As |
4Shockley et al. formulated it, thé}method.applieé only to
devices with é single carrier type. This restriction is
unnecessary, because it has beer shown very reéently thai'the
Langevin and thé impedance-field method of noise calculation

. are equivalent techniques.‘M3'T5)

That result also must be
;1isted-among the major accomplishments promofed by work on
noise in single and double injection.l The lines along which
the impedance-fieid method has to be generalized for noise
caleulations in two carrier systems are fairly clear. The
actual formulation of rules and the execution of first cal-
culations, however, have yet to be done. - This work is in pro-
gress and results_ate expécted socn; The development of the
iméedance fie;d method of noise calculation is a prominent
“event: ﬁy design, the method is very weil suited for noise
calculatioqs in complicated structures whare simplified
assumptions have to be made on physicai rather than analytical
grounds. It can be anficipated that the method will géin in-
créésing acéeptance in the future. The impedance-field methbd
hgs also been used very recently to prove that.in general the
salami method of noise calculation is incorrect. (T4}
The main deficlency of the work carried out so far
hoth experimentally and theoretically is the neglect of dif;~
fusion; As long as diffusion is absent, the results for single

and double injection cannot be related in a continucus fashion

to those derived for pn junctions. But this bridge does of

- B
course exist, since a pn junction can be regarded as a double
injection dicde with vanishing base width. A similay re—

latidnship exists between the bipolar transistor and single

’ injection. The anaiytical difficulties encountered in the

theoretical treatment of this pfoblem, fbr example by the
iangevin method, are substantial, It is hoped that some
éffort will be undertaken nevertheless, because in the present
absence of ah& information, no statements can be made as to
the validit& or‘the seriousness of neglecting diffusion.
Other areas worthy of exploration are the extension of noise
measurements towards higher frequencie§ in double injection,
and a clarification of-thé relationship between éinglé in-
jection and ohmic contacts and their noise. The expefimental_
difficulties in each case are severe.

'A field of work in which there is #resently much

activity is that of single injection with hot carriers.  The

: great.advaﬁtage of single-carrier space-charge~limited currént_

for the study of hot carriers is that the cafriervdistribution

can be maintained in a stationary state without exceeding powér

limitations. It isllikely that new information on the be-
haviorrof electrons and holes at very high field strengths
will ba obtained from noise studies in single injection struc-
tures. ,Specifiéally, it will be very desirable to independ~
ently confirﬁ the very receﬁt observatiqn that ho1es in

pilicon can exhibit étrong honliﬁearity in the velocity-field

‘relationship while not exhibiting hoticeable heating over the

(T1}

lattice temperature.

—
—
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7o be trustworthy, such measurements reguire great-

care no£ only in the data collection, but alsﬁ in the pre-
paration of a sample and its characterization. Hot encugh

attention has been given to the sample in the past. As the

sbphisticntion of the field increases, sc does the complexity

.'of.thc device and the difficulty of its preparation. The
probahility that a given device possesées a flaw increases
acco;dingl&, It is unavoidable that further experimental
progress in the field of noise in nonlinear devices will
depend increasingly én the time and care an investigator is .
willing to devote to the preparation and the analysis of the

samples he uses in the measurements.

[ ——
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